Abstract: To prepare a new tin(IV) complex (1), [(SnMe 2 ) 2 (C 15 H 9 O 2 )(OCH 2 CH 3 )(O)] 2 , with strong optical absorption, anthracene-9-carboxylic acid (HL) with a large conjugated π-system and rich optical properties has been used as a ligand. The characterization of title complex was performed by various spectroscopic methods, including
Introduction
During the past two decades, the synthesis and design of compounds with strong optical absorption is one of the most important concerns of chemists and scientists (Koh and Vittal, 2008; Zhou et al., 2016; Hayati et al., 2017a,b) . These are due to the increasing demands of human society to light and optical devices and widespread use of these compounds in a variety of fields such as transistors, lasers, telecommunication technology and fluorescent sensors for highly specific probes and bioanalysis (Sreejith et al., 2016; Lee et al., 2016; Hanifehpour et al., 2017) . One of the most important factors in the preparation of optical materials with high usability is the selection of proper ligand and metal. Until now, substantial attempts have been dedicated to the combination of appropriate organic ligands and metal ions for the preparation of potential coordination compounds with relevant properties (Ngoune et al., 2016; Im and Lee, 2016; Tatikonda et al., 2016) . Lewis acid property of tin compounds provides the necessary conditions for their use in the preparation of organotin coordination polymers with carboxylic acid ligands (Carcelli et al., 2001; Boshra et al., 2010; Miller et al., 2016; Deng et al., 2017) . The anthracene-9-carboxylate anion (L − ) represents a ligand having a fused ring whose conjugated π-system influences the coordinating behavior of the resulting metal carboxylate. More importantly, the conjugated π-system is a fluorophore that can be exploited for use in fluorescence signaling, a theme of interest in the development of fluorescent materials for applications in electroluminescence (Herrmann et al., 1984; Byrnes et al., 2004; Liu et al., 2007; Wang et al., 2008) . Therefore, the anthracene-9-carboxylic acid (HL) can be a proper ligand in the preparation of coordination compounds with different metal ions with strong optical absorption.
In this work, following our interest in the preparation of luminescence coordination compounds, a new dimethyltin(IV) complex with HL ligand was prepared. Investigating the optical properties of the prepared compound showed that this compound has the necessary optical capability to be used in the manufacture of optical devices. In order to prove this point, this complex was used as an emitting layer in the construction of an organic light-emitting diode (OLED), and its electroluminescence property was investigated.
Results and discussion

Synthesis
A new tin(IV) complex (Scheme 1) has been successfully synthesized with 9-anthracenecarboxylic acid ligand. All spectroscopic data of prepared tin(IV) complex showed that this complex has the formula of [(SnMe 2 ) 2 (C 15 H 9 O 2 ) (OCH 2 CH 3 )(O)] 2 .
Description of crystal structure of tin complex
Crystal structure analysis of the prepared compound displays the attendance of a tetranuclear complex that crystallizes in the triclinic space group P1 ̅ . Crystal data and refinement parameters are provided in Table 1 . Selected angles and bond lengths are listed in Table 2 . The crystal structure of the complex can be considered as a tetramer that was made of a building block of Sn 2 O 2 , as a dimeric unit with a center of inversion and a three-rung-staircase Scheme 1: Line drawing structure of the prepared tin(IV) compound. Sn 4 O 4 core. The four tin atoms and four oxygen atoms are basically coplanar. The prepared complex belongs to the class of dimeric tetraorganodistannoxanes with a 'ladder structure'. In spite of these compounds being well known and well described in literature with different carboxylate ligands, a survey of the literature shows that there is not any report of tetraorganodistannoxanes with anthracene-9-carboxylate ligand. However, until now, several anthracene-9-carboxylate metal complexes of zinc, cadmium, and nickel with interesting structural and optical features have been reported (Herrmann et al., 1984; Byrnes et al., 2004; Liu et al., 2007; Wang et al., 2008) . As can be seen in Figure 1 , the asymmetric unit of the compound, [(SnMe 2 ) 2 (C 15 H 9 O 2 )(OCH 3 )(O)] 2 , comprises two independent Sn(IV) atoms, one 9-anthracenecarboxylic acid ligand, one ethoxy anion, and one oxo oxygen atom. The distannoxane features two Sn atoms, one in a five-coordinate environment and the other in a six-coordinate environment. The six-coordinate Sn atom (Sn2) as a terminal tin exists in a distorted octahedral geometry for which the O atoms comprise the rhombus-shaped plane; one of the Sn-O bonds is somewhat long (2.847(3) Å) as the carboxyl unit engages in anisobidentate chelation. The two methyl C atoms are located over the longest side of the plane (Figure 1 ). Geometry around the five-coordinate central tin atom is a distorted trigonal bipyramid. The axial positions of the tin atom, Sn(1), were occupied by one oxygen atom from bridging ethoxy and one oxo oxygen atom with bond angle of 147.08°, which in comparison to the ideal value indicates a significant deviation. Two carbon atoms, C1 and C2, from the methyl groups attached to the tin atom and an oxo oxygen atom occupied equatorial positions. Ethoxy groups through the oxygen atom are bridges between exo-cyclic and endo-cyclic tin atoms, Sn1-O4 (2.141(3) Å) and Sn2-O4 (2.207(3) Å). Each bridging oxygen atom in the Sn 2 O 2 ring is attached to three Me 2 Sn units, and as a result these oxygen atoms are three coordinated. The carboxylate ion is disordered over two positions such that the anthracene portion is twisted along the axis linking the carbon atoms at the 1-and 9-positions in a 1:1 ratio and connected to the exo-cyclic tin atoms by using two carboxylate O atom in bidentate coordination mode. The ethoxide ion is also disordered but in a slightly different ratio. Restraints were imposed. As can be seen in Figure 1 , the dimeric units are additionally connected to a center of inversion to produce a ladder-like structure. All bond lengths in the tetra nuclear distannoxane are in the same range found for other diorganotin ladder structures reported in the literature (Table 2 ) (Zhang et al., 2008; Wang et al., 2013) . As shown in Figure 2 , the interaction between the oxygen atom of the carboxylate ligand with the tin atom of a neighboring molecule forms a chain running along the b axis of the triclinic unit cell. This structural feature of 1 is quite similar to that of {(Me 2 Sn) 2 (O) [(COO)(CH 2 C 5 H 3 NCl)] 2 } n , a one-dimensional infinite chain in which the carboxylic oxygen atoms link the dimeric tetraorganodistannoxane units (Zhang et al., 2011) . The junctions between the one-dimensional infinite chains by the hydrogen bonding interactions (Table 3) lead to their growth into a 3D supramolecular network.
Spectroscopic data of prepared complex
The results of CHN analysis are in good agreement with the results of the X-ray analyses. The distinct difference between the IR spectrum of the title complex and free ligand and also the presence of the stretching vibration of Sn-O at 461 cm −1 indicate unambiguously the coordination of 9-anthracenecarboxylic acid ligand to Sn(IV) ion. The Sn-O absorption band appeared at frequencies similar to those discerned in other Sn(IV) complexes. A Sn-O-Sn bridged structure is suggested by the presence of a strong stretching vibration at about 631 cm −1 that is relevant to , respectively. The value of ∆ν is less than the free acid and can be ascribed to the bidentate coordination mode of the carboxylate groups (Scheme 1) (Dudev and Lim, 2007; Karthikeyan et al., 2016) . The tin carboxylate formation can be confirmed by the red shift of ν as and ν s of complex 1 in comparison with those of free 9-anthracenecarboxylic acid. There is a good agreement between the results obtained from IR spectra and X-ray crystal structural analyses.
The provision of valuable information about metalligand binding and determination of additional details of structural properties of complex 1 in the solution, the Sn NMR spectra of the prepared organotin(IV) complex were recorded.
The 1 H NMR spectrum of the complex exhibits the anticipated aliphatic and aromatic peaks with the exact integration which somewhat shifted to the low field relative to those of free ligand. The reason of this shift can be related to the electron density transfer from the ligands to the tin atom as an acceptor. The presence of two different types of tin atoms in the 1 H NMR spectrum of the complex can be confirmed by the attendance of two singlet signals at 0.61 and 0.95 ppm which are assigned to the methyl groups attached to a tin atom (CH 3 Sn). As previously reported, 87 and 98 Hz values for Sn-H are associated with the presence of five coordinated tin atoms in the structure of the compound (Li et al., 2016 (Ma et al., 2003; Coza et al., 2015) .
Thermal inspection of prepared complex
In order to prove that the prepared compound has the necessary thermal stability to be used in the manufacture of optical devices, thermal analysis of the title complex was carried out under air atmosphere from room temperature up to 800°C (Figure 3 ). As can be seen, the prepared tin complex is stable to approximately 200°C. The first endothermic peak in the DTA curve at 210°C without a mass loss in the TGA curve is associated with complex melting. The decomposition of the framework and the loss of organic components of the complex show an extensive exothermic peak in the DTA curve together with a significant weight loss in the TGA curve in the temperature range of 450-650°C. Finally, the remaining residue can be attributed to tin(IV) oxide particles. The results of this investigation showed that the prepared coordination polymer has proper thermal stability for the preparation of optical devices such as OLEDs.
Photophysical properties
The UV-Vis absorption spectra of complex 1 and free HL ligand were recorded in the solid state at room temperature. As can be seen in Figure 4 , K-band and B-band of 9-anthracenecarboxylic acid at 258 and 368 nm, respectively, are present in its spectrum. The origin of these bands can be attributed to the n→π* and π→π* transitions (Kubota et al., 2015) . Absorption spectrum of the prepared compound with the 9-anthracenecarboxylic acid ligand showed similar bands with a slight shift which indicate the origin of their transitions is also relevant to n→π* and π→π* transitions of ligand. A barely blue-shift in the maximum of absorption bands of complex 1 relative to those of ligand probably is due to the formation of a strict conjugated system of ligands after coordination to tin(IV) atom. The room temperature solid state photoluminescence of 9-anthracenecarboxylic acid ligand and complex 1 show peaks at 492 and 520 nm, respectively; the source of these peaks can be related to the spin allowed π-π* transitions of the ligand ( Figure 5 ). The nature of these transitions cannot be attributed to d-d transitions or metal-to-ligand charge transfer, inasmuch as Sn(IV) is hard to reduce or to oxidize because of the full electronic configuration of Sn(IV). However, metallic elements can sensitize the emission intensity of their coordinated organic ligands. The absolute quantum yield for free HL ligand and complex 1 in solid state is acquired, 0.55 and 0.69, as described by Moreno (2012) . The higher quantum yield of complex 1 relative to free HL ligand could be due to a decline in the nonradiative decay of intraligand excited states. The investigation of the optical properties of the complex shows that this complex can be a suitable fluorescent material in the preparation of luminescence devices like light-emitting diodes.
Electroluminescence characteristics
In order to prove that the prepared complex has the necessary potential that can be used in the manufacture of Of course, there is the possibility of excimers formation in PVK molecules as hole transport layer due to the overlapping of its absorption and emission spectra; this reduces the electroluminescence properties. Increasing the PBD as electron transport layer (ETL) into the PVK is a good solution to reduce the formation of excimer. Mixing simultaneously the holes and electron-transporting functions and forming a single bipolar host material can be the best solution for the proper balance of electrons and holes. It should be noted that the high use of the PBD relative to the PVK leads to a reduction in the stability of the device. Experience has shown that the ratio of PVK:PBD = 100:40 is the most effective ratio. This ratio reduces the risk of excimer formation and increases the stability of the device (Janghouri et al., 2013) . The PEDOT:PSS interlayer is used as an auxiliary layer for better injection of holes into the emissive layers. Using this layer can increase the electrical current inside the device and increase the probability of exciton formation. In order to show that complex 1 acts as an emission layer in the structure of prepared diode, a diode was prepared without the use of complex 1 in its structure as PVK:PBD-based device. The spectrum of this diode showed a relatively broad peak in the blue wavelength region. However, according to Figure  7 , the present peaks in the electroluminescence (EL) spectra of prepared tin(IV) complex-based device show a long red shift rather than PVK:PBD-based device. This displacement indicates that complex 1 acts as the emission layer in the structure of diodes.
The electroluminescence spectra of prepared devices with 10% and 20% (w/w) of tin(IV) complex as a dopant revealed a green emission at 505 nm.
The effect of the concentration of doped complex in the structure of diodes on their electroluminescence properties can be determined by a simple look at the electroluminescence spectra of prepared diodes. As shown in Figure 7 , high concentration of the complex leads to a decrease in the electroluminescence intensity of the diodes. The reason for this can be attributed to a trap effect in the current voltage, which leads to the self-quenching of emission and a decrease in the efficiency of the device.
According to atomic force microscope (AFM) images of the premix of PVK:PBD:tin(IV) complex with a scanning area of 1 × 1 μm, it is possible to understand the decrease in the electroluminescence intensity of prepared diode with high concentration of the complex (Figure 8 ).
The average root-mean-square surface morphology of the films for concentrations of 10 and 20% was about 11.8 and 38.2 nm, respectively. These results show that the surface roughness of a layer with high concentration of the complex is relatively higher than that of a layer with low concentration of the prepared complex. Reducing surface roughness is associated with increase in contact area between the ETL and the cathode and more effective injection of electrons and holes in the system.
The voltage versus the current density of prepared diodes shows that there is an inverse relationship between changes in the current density and the complex concentration at a specific voltage (Figure 9 ). In general, by injecting an electron hole into the layers by applying voltage, current density within the system increases. As can be seen, a diode with lower concentration of complex has lower operation voltage. This voltage reduction improves the efficiency of the diode. The result is that the device with high concentration of complex requires more driving voltage than the other device. The reason of higher driving voltage of this device can be related to higher electron injection barrier in it. High electron injection barrier prevents further injection of electrons from the electrodes to bulk. The high operating voltage of device with high concentration of complex will shorten the lifetime of the device because of impurity diffusion under a high electric field and thermal aging.
The luminescence-voltage characteristics of prepared devices are visible in Figure 10 . The concentration of the complex is effective on the turn-on voltage which is defined as the bias voltage at L = 1 cd/m 2 . The maximum brightness of devices is at 130 and 910 cd/m 2 for concentrations of 10 and 20%, respectively. As can be seen, the device with low concentration of the complex has a higher brightness. High surveys show that the prepared tin compounds can be used as suitable precursors in the manufacture of light-emitting diodes, and adjusting the concentration of the complex used in the preparation of the diode can be a good factor in improving the quality of its light emission intensity.
Conclusion
A novel tin(IV) complex was synthesized and fully characterized by spectroscopic methods. In addition, its crystalline structure was determined by X-ray diffraction.
The results of X-ray diffraction showed that complex 1 belongs to the class of dimeric tetraorganodistannoxanes with a 'ladder structure'. Due to the fact that this complex showed good fluorescence emission at room temperature in solid state and acceptable thermal stability according to thermogravimetric and differential thermal analysis (TGA-DTA), it was used as a precursor in the construction of an OLED. The study of the effect of prepared complex concentration on the electrical properties of prepared diode showed that there is an inverse relationship between the complex concentration and the driving voltage of the diodes. The final result is that this complex can be used as a light emission layer in the production of OLEDs with green light emission.
Experimental
All reagents were acquired from Merck. It should be noted that all purchased compounds were used without additional purification. All solvents before applying were dried according to standard procedures (Perrin et al., 1980) . The OLEDs were prepared according to the method used in our previous works (Janghouri et al., 2014) . C, H, and N microanalyses of compounds have been evaluated by Thermo Finnigan Flash-1112EA microanalyzer. For recording of infrared spectra, the Bomem MB-series FT-IR instrument has been utilized. NMR spectra were inscribed on a Bruker AVANCE 300 operating at 300.3 MHz, respectively. The thickness of the samples was measured by using a DekTak 8000 profilometer. EL and photoluminescence measurements of the fabricated OLEDs were performed by USB2000 and HR4000 Ocean Optic. Current-voltage-luminance characteristics and AFM measurements were checked by a Keithley source meter (model 2400), optical meter (Mastech-MS6612), and Easyscan 2, respectively. The absorption spectra of compounds were obtained on Shimadzu 2100 spectrometers. The thermal analysis (TG-DTA) was carried out on a Bahr STA-503 instrument under air atmosphere. The method reported by Moreno was used to measure absolute quantum yields of compounds (Moreno, 2012) . Crystallographic measurements were prepared utilizing a Bruker SMART APEX diffractometer supplied with a graphite monochromated Mo-Ka radiation at 100 K. Accurate unit cell parameters and orientation matrices were achieved from least-squares refinements. The structure solved by direct method was refined by full-matrix least-squares procedure on F 2 . The SHELXL97 crystallographic software package was used for all refinements.
Preparation of tin(IV) complex (1)
For the preparation of complex 1, 9-anthracenecarboxylic acid (1 mmol) was dissolved in 15 mL ethanol, and then triethylamine (1 mmol) was added to the reaction mixture under stirring at room temperature. After 10 min, a solution of dimethyltin(IV) dichloride (2 mmol) in 4 mL ethanol was added to the mixture and refluxed forin an oil bath at 60°C. After a week, the yellow crystals were gathered in the cold and shorter arm of tube (yield 82%, m.p: 210-212°C 142.8, 130.2, 129.2, 128.3, 126.7, 126.8, 126.9, 
